The frequency-gain curve (FGC) is among the most important parameters to consider when fitting a hearing aid. In practice, a prescriptive FGC, derived from the audiogram, is initially applied. In the subsequent fine-tuning stage, the patient often communicates their concerns about the sound quality using descriptors (e.g., "it sounds hollow") and the clinician modifies the FGC accordingly. In this study, we present and evaluate a method that could enhance this process by rapidly mapping descriptors to FGC shapes. In addition, we begin to use this method to examine the extent to which there is across-individual agreement in how descriptors map to FGC shapes.
INTRODUCTION
A cornerstone of hearing aid fitting is providing amplification that is specific to the individual needs of each patient. Among the most important decisions to consider when fitting a hearing aid is choosing the appropriate gain values as a function of frequency-the frequency-gain curve (FGC). In most situations, the characteristics of the FGC are chosen in a two-stage process, each involving a distinct set of procedures: prescriptive fitting and fine-tuning. In the prescriptive stage, the FGC is derived by applying a formula to the audiogram. Examples of such prescriptions include NAL-NL1 (Byrne et al. 2001 ), CAMEQ2-HF (Moore et al. 2010) , and DSL v5.0 (Scollie et al. 2005) . This prescriptive procedure is commonly followed by an interactive "fine-tuning" stage in which adjustments are made to this prescriptive fit in response to subjective judgments from the patient. Ultimately, an important factor in patient satisfaction with the device is whether the patient's descriptors of issues with sound quality (e.g., "tinny" or "hollow") are successfully addressed. In this study, we present a method to estimate the FGC correlate of descriptors by quickly mapping these descriptors to FGC shape.
Many of the approaches used in the fine-tuning stage of hearing aid fitting implicitly assume that there is a universal descriptor-to-FGC mapping across individuals. In what is perhaps the most common technique used in the fine-tuning stage, the patient verbally describes problems with the sound quality and the clinician interprets those comments to make adjustments to the FGC and other parameters (Kuk 1999; Jenstad 2003) . Although this approach can be effective, it is limited by the patient's ability to convey their desired effect with language, the clinician's ability to translate that language into parametric changes, and the extent to which the two individuals agree on the perceptual correlate of that descriptor. Alternatively, many manufacturers of amplification devices offer a fine-tuning assistant in their fitting software in which the clinician can select a complaint from a list and the manufacturer's suggested adjustments can be applied. This approach is limited to the descriptors provided in the software interface and the typically small number of modifications offered. This approach also implicitly assumes that the use of descriptors is consistent across all individuals with the same audiogram or even with a variety of audiograms. Interestingly, the specific FGC modifications associated with the same descriptor often differ between the fine-tuning assistants provided by different manufacturers, suggesting that there might not be a universal descriptor-to-FGC mapping (Fig. 1) .
To date, there is little consensus as to whether the descriptor-to-FGC mapping is consistent across individuals. Researchers at the Karolinska Institute have conducted a variety of studies mapping descriptors such as "bright" and "dull" to acoustic parameters in individuals with normal hearing (Gabrielsson et al. 1990 ) and hearing loss (Gabrielsson & Sjogren 1979) and have found considerable agreement across individuals (between-rater correlations 0.84 to 0.95). However, in these studies, the listeners typically rated as few as four FGCs, which may not have been sufficient to capture individual differences. Sabin and Pardo (2009a) examined how individuals with normal hearing use descriptors to describe changes in the FGC to musical sounds and observed that while there was some across-individual agreement, the level of that agreement was highly descriptor dependent ("tinny:" most consistent, "warm:" most variable). Also, demonstrating individual differences in descriptor mapping, English speakers from United States and United Kingdom differ in how they use descriptors such as "warm" and "clear" to describe the sound of pipe organs (Disley & Howard 2004) .
While the extent of agreement in descriptor-to-FGC mapping across individuals is unclear, there does seem to be some consensus in how hearing aid fitting experts respond to descriptor-based complaints. Jenstad et al. (2003) presented 24 hearing aid fitting experts with a list of the 40 most common complaint-based descriptors taken from a large-scale survey of clinical audiologists and asked those experts to select the modification to the hearing aid settings that they would choose in response to each descriptor. There was a high level of agreement across these experts, and several of the descriptorbased changes were associated with the FGC (e.g., those for "tinny" and "hollow"). Although there is agreement across these hearing aid fitting experts, it has not been directly evaluated whether patients agree with those definitions. Further, the number of choices of modifications provided to the experts was relatively small (limited to increase/decrease the low/high frequency gain), potentially exaggerating the acrossexpert agreement. It is unclear whether as much agreement would be observed if there was a more detailed consideration of the FGC shape, including more frequency channels or other FGC parameters (e.g., slope).
In addition to the descriptor-based approaches, a handful of nondescriptor-based fine-tuning procedures have been proposed as well. In some of these procedures, the patient makes a series of paired comparisons, and an adaptive procedure is employed to gradually approach the desired FGC (Neuman et al. 1987; Kuk & Pape 1992; Stelmachowicz et al. 1994; Kiessling et al. 1996; Moore et al. 2005) . In other procedures, the patient manipulates the FGC directly (Elberling & Vejby Hansen 1999; Zakis et al. 2007; Dreschler et al. 2008) . For the sake of efficiency, these procedures generally limit the entire FGC to just two or three channels or parameters. As these procedures are expanded, they quickly become prohibitively time consuming. Further, there is some indication that adaptive procedures that gradually approach the final FGC can be highly dependent on the initial FGC that is rated , thus making the results of these approaches difficult to interpret.
In this study, we present a new procedure for mapping descriptors to FGCs. Briefly, the listener rates the extent to which each of a series of FGCs exemplifies a particular descriptor. Then on a frequency-band by frequency-band basis, a regression line is fit to the gain values and ratings (Sabin & Pardo 2009b) . The resulting function (the weighting function) comprised is made up of the slope of each regression line as a function of frequency. This procedure circumvents the problems associated with individual differences in how language is used to describe FGCs. Further, addressing some of the limitations to the nondescriptor-based approaches, this procedure explores a wide range of potential FGCs and does not converge on the final response. Finally, although the primary motivation for this article is the evaluation of the weighting function procedure, we also begin to use this method to evaluate how common descriptors map to FGCs and the extent to which there is across-individual agreement in the descriptor-to-FGC mapping.
PARTICIPANTS AND METHODS

Participants
Ten listeners with known hearing impairment (described in Table 1 , Audiograms in Figure 7 , left column) ranging in age from 28 to 73 yrs (mean, 55.2) were recruited locally from the Northwestern University Audiology Clinic as well as the Hearing Assessment Reformulation Project database and were paid for their participation. All listeners were native English speakers. To test listeners with a range of hearing loss degrees Fig. 1 . Across-manufacturer differences in descriptor mapping. The first FGC modification associated with the descriptor "hollow" for an input level of 80 dB SPL was applied using the fine-tuning assistant for two different manufacturers (solid and dashed lines). The difference in FGC shape is representative of the across-manufacturer differences in descriptor-to-FGC mapping. and types, the criterion for participation was hearing loss in at least one (the tested) ear (designated in Table 1 and Fig. 7 ). If the listener had a bilateral loss, the tested ear was determined randomly. The history of hearing aid usage is displayed in the fifth column of Table 1 . An individual was considered a hearing aid user if they had been using a hearing aid for the 3 mos before testing. In total, the listener group represents hearing aid users and nonusers with unilateral and bilateral hearing losses, ranging from moderate to severe, of different etiologies.
Stimuli
All stimuli were processed using custom-written software in MATLAB (The MathWorks, Natick, MA). The entire stimulus set consisted of a total of 720 possible sentences from the IEEE database (1969), each spoken by an adult female and recorded by Galvin and Fu (2003) . The sentence order was randomized, and no sentences were repeated throughout the entire session. The stimuli were output from the computer via an Edirol UA-25 (Roland, Los Angeles, CA) digital-to-analog converter, amplified by a Crown (Elkhart, IN) D75 power amplifier, and ultimately presented to the listener via an Etymotic (Elk Grove Village, IL) ER-2 insert earphone. All testing was conducted in a quiet room. Before presentation, all sentences were scaled to have a root mean square value equivalent to that of a 60 dB SPL 1-kHz pure tone. SPL was calibrated using a 2-cm 3 coupler. Sentences were then processed by a single linearphase finite impulse response filter. The FGC of that filter was created differently for the two tests conducted here; it was either the sum of the NAL-RP (Byrne & Dillon 1986 ) formula plus the particular probe FGC (see "Weighting Function Measurement" below) or the sum of the NAL-RP formula plus the scaled weighting function (see "Matching Task" below).
Probe FGC Construction and Selection
Each probe FGC was defined by an array of 25 gain values at each of 25 frequencies spaced evenly on an equivalent rectangular bandwidth scale (Moore & Glasberg 1983 ) from 200 to 6227 Hz. Frequencies in the speech signal beyond this range were removed. Probe FGCs were selected using a procedure designed to maximize within-channel variation and to minimize across-channel distribution differences. Initially, a population of 10,000 random probe FGCs was computed. Each probe FGC in this population was created by concatenating Gaussian functions, with random amplitudes ranging from Ϫ20 to 20 dB, random bandwidths ranging from 10 to 40 frequency channels, and random center frequencies. Once concatenated, we ensured that the mean gain for each probe FGC was 0 dB. To do this, we computed the mean gain in a given probe FGC and subtracted that value from each of the values comprising that probe FGC. Next, from the population of 10,000 probe FGCs, a subset of 40 was selected to best represent all possible FGCs using the following procedure. First, a probe FGC was randomly selected from the population. Then, each subsequent probe was selected by choosing the member of the large population whose gain values were most different from the probes that preceded it. Specifically, to ensure a wide range of within-band gain values, and a similar distribution across bands, we chose the probe that maximized the within-channel SD of gains, after imposing a penalty for across-band distribution differences. During the weighting function measurement, the probe FGC on a given trial was drawn from this set of 40 FGCs with the exception of the first, middle, and last trials that used a flat probe FGC (equivalent to NAL-RP).
Procedures
Overview • Each listener participated in a single 60-to 90-min session. The session consisted of a basic hearing evaluation (described below) followed by three runs of the computerautomated weighting function measurement procedure and three runs of the weighting function matching task. Two of the listeners (9 and 10) were tested using a slightly different protocol in which audiograms and weighting functions were measured through 4 kHz rather than 6 kHz, and the matching task was not included in testing.
Hearing Evaluation • Each participant was first given a pure-tone hearing screening in a sound-attenuated booth to confirm the presence of a hearing loss in at least one ear. After otoscopic inspection, air conduction thresholds were measured at octave frequencies from 250 to 6000 Hz.
Weighting Function Measurement • In the weighting function measurement, the listener heard a series of 43 sentences, each processed by a unique probe FGC, and were instructed to indicate how well the presented sentence exemplified each of the four descriptors ("hollow," 'in a barrel/tunnel/well," "sharp," and "tinny"). To give the listener an idea of the range of possible FGCs that would be included in the measurement, 10 filtered sentences were presented before beginning the weighting function measurement without requiring a response from the listener. Then, on each trial of the weighting function measurement, a sentence was randomly drawn without replacement and processed with a unique probe FGC using the probe selection procedures described earlier. Once the probe FGC was selected, it was added to the baseline FGC, which was the NAL-RP prescriptive formula (Byrne & Dillon 1986 ). The listener recorded their response by moving each of four on-screen sliders to indicate the extent to which that sound exemplified the descriptors "sharp," "tinny," "hollow," or "in a barrel/tunnel/well." We selected these descriptors specifically because they were the words most commonly associated with sound quality problems related to the FGC as indicated by a survey of American hearing aid fitting experts (Jenstad 2003) . While this survey indicates that the complaints "tinny" and "sharp" are treated similarly, as are "hollow" and "in a barrel," the current procedure provides an opportunity to test the possibility that these pairs of descriptors are actually synonymous. The sliders ranged from Ϫ100 (Not) to 0 (Neutral) to 100 (Very), and the value of each slider was displayed on the screen. There was no limit on the number of times that a listener could replay the sentence. Once a decision about all four descriptors was made, the listener clicked a button to move on to the next trial.
To evaluate listener and procedural reliability, the weighting function measurement was repeated three times within the session. To examine the influence of the particular set of 43 tested probe curves on the shape of the weighting function, two of the weighting function measurements used identical sets of probe FGCs. The third repeated measurement used a unique set of probe FGCs. The presentation order for these three measurements was randomized across listeners, such that the identical probe sets were not necessarily presented in sequential order.
Weighting Function Calculation • Listener evaluations of each set of probe FGCs were used to compute a weighting function that represents the magnitude and direction of influence of each frequency band on the perception of a given descriptor. For each of the three runs, there were 43 twodimensional data points per frequency band, one corresponding to each trial in the run. For each point, the x coordinate was the gain applied to the band and the y coordinate was the listener rating of how well the sound exemplified the descriptor (Figs. 2A-C). We reason that the extent to which a frequency band influences the individual listener's perception of the descriptor is reflected in the direction and steepness of the slope of the line fit to gain as a function of listener ratings. We therefore compute the slope of the regression line fit to data for each frequency band. A single multivariate linear regression that simultaneously relates all bands to the listener's rating would not be meaningful in this situation because the gain values in adjacent bands are highly correlated to each other, leading to the problem of multicollinearity (Blalock 1963) .
Examples of these regression lines calculated for one run (based on listener evaluations from 43 trials) are plotted for three frequency bands in insets A through C of Figure 2. In this example data set, the listener rated the descriptor "Sharp." The bands represented in Figures 2A, B weigh heavily on the descriptor, albeit in opposite directions, while the band represented in Figure 2C has little weight on the descriptor. Following the terminology used in psychoacoustics (e.g., Richards & Zhu 1994; Lutfi 1995) , the array of regression line slopes across all bands will be referred to as the weighting function (Fig. 2D, the main figure) . In all cases, the weighting function was normalized by the slope with the largest absolute value. Separate weighting functions were computed for each listener and each descriptor.
Weighting Function Matching Task • Finally, listeners
were presented with sentences that were modified using their individualized weighting functions, and they were asked to choose the descriptor that best-matched the sound of the presented sentence ("sharp," "tinny," "hollow," or "in a barrel/ tunnel/well"). Three repetitions of the matching task were created for every listener, one for each of their three weighting function measurement runs. There were 16 trials per matching task with four trials per descriptor weighting function, and the order of presentation was randomized. For each trial, a sentence was randomly drawn from those remaining in the stimulus set and then processed by a single linear-phase finite impulse response filter, which was the sum of the NAL-RP formula plus one of the four descriptor weighting functions from a run, multiplied by 20 dB. The listener then indicated which of the four descriptors best captured the sound of that sentence by using a mouse to click a labeled button on-screen.
RESULTS
Evaluation of Descriptor Weighting Functions: Measurement Consistency
The weighting functions estimated for a given listener/descriptor combination were highly consistent across the three runs. We evaluated this consistency by correlating weighting functions calculated for the same listener for the same descriptor. The distribution of correlation coefficients between weighting functions is plotted in Figure 3 (left box). The median value of 0.92 indicates that the weighting function measurement procedure was highly reliable. Further, we examined whether this consistency was related to consistencies in the probe FGCs. As mentioned in the Participants and Methods section, in two of the three runs, the listener rated identical sets of 43 probe FGCs. To examine the influence of the probe FGCs themselves, we compared this correlation when the weighting function was computed using the same (Fig. 3 , middle box) and different ( Fig. 3 , right box) sets of probe FGCs. In both cases, the median correlation is high (same ϭ 0.93; different ϭ 0.92). However the spread of correlation coefficients below the median was poorer when the FGCs were computed on different probe FGC sets. This indicates that the probe FGCs themselves did have some influence on the final shape of the weighting function; however, the size of this influence was rather small. Weighting function calculation. A-C (insets), The raw data from 3 of the 25 frequency bands used to compute the weighting function. Each point represents both the gain value assigned to that band on a given trial and the rating associated with that gain. A line is fit to that data set, and the slope of that line represents the weight of that channel on the descriptor. The array of slopes across all frequency bands is called the weighting function, and an example weighting function for the descriptor "sharp" is plotted in D (the main figure) . Fig. 3 . Weighting function consistency. The distribution of Pearson correlation coefficients computed between weighting functions from the same listener and descriptor across all three runs (left box plot), for the two runs on which the same set of probe FGCs was used (middle), and for the two runs on which different sets of probe FGCs were used (right).
Evaluation of Descriptor Weighting Functions: Listener Variability
Despite the consistency in weighting function shape for each descriptor, the listener responses were variable across runs. Consistencies in listener responses were evaluated for each listener/descriptor combination by correlating the entire set of responses between the two runs that used the same sets of probe FGCs. This correlation value reflects the extent to which the same set of probe FGCs were given the same relative ratings across runs. The distribution of these correlation coefficients is plotted in Figure 4 (left box). There is a wide distribution in these values, with a median correlation coefficient of 0.31. This correlation value varied considerably for different descriptors rated by the same individual, thus suggesting that certain descriptors were more meaningful than others to individual listeners. When we consider only the descriptor with the greatest consistency for each individual, the median correlation increases to 0.47. Nevertheless, these correlation values indicate that for many listeners, their ratings of the same probe FGCs were fairly inconsistent. The inconsistency in listener responses is surprising, given the consistency in weighting function shape. It appears then that the weighting function calculation as applied here is robust to the variability in listener responses.
Evaluation of Descriptor Weighting Functions: Time Course
The weighting function measurement procedure appears to be quite rapid, reaching the maximum "predictiveness" after Ͻ20 ratings. We evaluated predictiveness by computing the correlation coefficient between measured ratings (given by the listener) and the predicted ratings. Predicted ratings for each trial were computed by multiplying each value in the probe FGC by the associated value in the weighting function and then summing those values across all frequency bands. The distribution of these values is plotted in Figure 4 (right box) . The median value of 0.52 indicates that the weighting function was a better predictor of listener ratings than the listener ratings were of themselves (compare to Fig. 4, left box) . To evaluate the time course of weighting function computation, we computed a new weighting function after each rating and measured the predictiveness of that weighting function. The distribution of those values as a function of the number of ratings is plotted in Figure 5 , where the bottom of the gray area represents the 25th percentile, the top of that area represents the 75th percentile, and the line is the 50th percentile (the median). It appears that this measure of predictiveness reaches asymptote quite rapidly. The poorer weighting functions reach asymptote around 15 to 20 ratings, and the better weighting functions reach asymptote after as few as 5 ratings. Each trial (rating of four descriptors) took approximately 5 to 30 seconds, depending on the listener, indicating that reliable weighting functions can be measured in Ͻ10 minutes for four descriptors. Further, the robustness to the variability in responses described in the previous paragraph might have resulted from the fact that more than twice the necessary ratings were gathered on each run.
Evaluation of Descriptor Weighting Functions: Matching Task
As another test of the quality of the weighting functions, we examined listener performance on the matching tasks. As a reminder, after weighting function calculation, the listener was presented a sentence shaped by one of the four weighting functions ("tinny," "sharp," "hollow," or "in a barrel/tunnel/ well") and was asked to choose the most appropriate descriptor. The overall results of this task are summarized in the confusion matrix plotted in Figure 6 . The target descriptor is represented by the left/right position of the box, the response descriptor is represented by the up/down position of the box, and the color and number in the box indicate how frequently each target/response combination occurred. For instance, for trials in which "in a barrel/tunnel/well" was the target, that descriptor was the response 63.6% of the time. For each descriptor, the most common response was the target descriptor, and the overall percent correct was 51.1%. However, there was a high amount of confusion between "hollow" and "in a barrel/tunnel/well" as well as between "sharp" and "tinny." When responses are collapsed within these pairs of descriptors, the overall percent correct increases to 82.7%. These betweendescriptor confusions are consistent with the global similarities in weighting function shape between these descriptors described in the next section. Fig. 4 . Listener consistency and predictiveness. The distribution of Pearson correlation coefficients computed between two responses of the same listeners rating the same descriptor using the same probe FGC (left box plot) and the distribution of correlation coefficients between the predicted response (using the weighting function) to a particular probe FGC and the response itself (right box plot). Fig. 5 . Predictiveness time course. The predictiveness of the weighting function was computed after each rating in a run for each listener/ descriptor combination. The top of the gray area represents the 75th percentile, the bottom represents the 25th percentile, and the line represents the 50th percentile (the median).
Evaluation of Descriptor Weighting Functions: Influence of Sentences
Finally, although each trial used a different sentence, it does not appear that sentence-to-sentence spectral variation made a large contribution to the shape of the computed weighting function. First, the amount of sentence-to-sentence spectral variation was much smaller than the amount of probe-FGC-toprobe-FGC variation. For all 720 sentences, we computed the sound level in 1/3-octave bands centered on each of the 25 frequencies comprising the weighting function. The average within-channel SD was 3.1 dB SPL for the sentences. This value is far smaller than the 8.7 dB SPL average withinchannel SD of the tested probe FGCs. As a further analysis, we recomputed all weighting functions, but rather than using the probe FGC gain values alone, we also added the 1/3-octave levels of the particular sentence that was rated on that trial. Weighting functions computed in this way were not statistically different from those computed on the probe FGCs alone. Specifically, for these new weighting functions, we computed the predictiveness for each listener/descriptor combination as in the right box of Figure 4 . This population of correlation coefficients (median ϭ 0.53) was not significantly different from those computed on the probe FGCs alone (median ϭ 0.52) according to a paired samples t test (t 119 ϭ Ϫ1.3, p ϭ 0.21: statistic computed after applying Fisher's r-to-z transformation). Therefore, we conclude that the sentence-to-sentence spectral variation did not strongly influence the shape of the weighting function computed.
Descriptor Mappings and Individual Differences
Although the primary focus of this article was the evaluation of the procedure to measure descriptor weighting functions themselves, we also began to use this method to examine on the individual level, how the weighting function shape mapped to each of the four tested descriptors. The entire set of descriptor weighting functions is plotted in Figure 7 . The left-most column of Figure 7 displays the listener's audiogram for the test ear (listener numbers are the same as in Table 1) , and the subsequent columns contain the weighting functions for each of the four descriptors labeled at the top. In the weighting function plots, the squares along the line represent the average weight across all three repetitions associated with each frequency band, and the error bars represents 1SE of the mean. On the global level, there was a fair amount of across-individual agreement. The descriptors "hollow" and "in a barrel/tunnel/ well" tended to be associated with weighting functions that, generally speaking, had negatively sloping spectral tilts, while the reverse was true for the descriptors "tinny" and "sharp." The similarity between these pairs of descriptors is the likely source of the frequent within-pair confusions observed in the matching task described earlier.
Despite the overall similarities in global weighting function shape, a large amount of individual variation was apparent within descriptors. For example, consider the weighting functions for "tinny" in listeners 3 and 4 ( Fig. 7 ; rows 3 and 4, right-most column). While both listeners created weighting functions that tended to increase with frequency, the peaks of the individual weighting functions were approximately 2 octaves apart (listener 3: ϳ4 kHz, listener 4: ϳ1 kHz). Similarly, for the descriptor "hollow," listeners 7 and 8 had weighting functions that were nearly opposite of each other, where this descriptor was associated with a positive spectral tilt for listener 7 (Fig. 7; second column, row 7) and a negative tilt for listener 8 (Fig. 7; second column, row 8) . In both of these cases, there was little variation in the individual's weighting function across the three repeated measurements, as shown by the small error bars, indicating that the measurement was reliable. Therefore the across-listener differences likely reflect a difference in descriptor-to-FGC mapping rather than a difference that emerged randomly.
Further, some individual listeners appeared to be more comfortable with some descriptors than others. For example, consider listener 6 ( Fig. 7, row 6 ). For this listener, the large error bars for the descriptor "hollow" (second column from left) reflect a wide variation across the different measurements of this weighting function. However, this listener's ratings were not highly variable in general, because the weighting functions for the other three descriptors (three right-most columns) were actually highly consistent, as indicated by small error bars. This difference in within-listener variability may indicate that the descriptor "hollow" was not particularly meaningful to this listener and therefore the ratings were variable. Using the same logic, the descriptor "in a barrel/ tunnel/well" might not have been meaningful to listener 4 ( Fig  7, row 4 , third column from left).
We used principal component analysis (Jolliffe 2002) to reduce the dimensionality of the full data set (10 listeners ϫ 4 descriptors ϫ 3 measurements ϭ 120 descriptor weighting functions) and identify the most important sources of variation in the weighting functions. This analysis determines the small number of orthogonal components that can account for the variation in shape across the entire set of 120 weighting functions. The first component (a spectral tilt, Fig. 8A ) was able to account for 78.4% of the (r-squared) variance in the weighting functions. When a second component was added (a modification to the middle frequency balance, Fig. 8B ), the two components accounted for a combined 95.6% of the variance in the weighting functions. Beyond these two components, there was only a marginal improvement of adding additional components. It is important to recognize that this two-dimensional principal components representation is different from dividing the FGC into three channels (low, middle, and high). Each of the principal components is defined across the entire range of the 25 frequencies tested, and therefore the weighted combination of these two components can create a wide variety of FGC shapes that is much larger than the variation in FGCs that can be captured with three bands (see Fig. 8D ).
Each of the 120 individual weighting functions was then described by these two parameters, and a score was assigned for each of the two components. The values of these two principal component scores for each weighting function are plotted in Figure 8C . The left/right position of the point represents the score associated with the first principal component, and the up/down position represents the score associated with the second principal component. The symbol indicates the descriptor that was rated, and the size of the symbol indicates the predictiveness associated with that function. The shape of the weighting function associated with locations in this space is plotted in Figure 8D . Note that the wide variation in weighting function across this two-dimensional space displayed in Figure  8D is far greater than what could be captured with a three-band (low, middle, and high) FGC. In general, the scores for the descriptors "hollow" and "in a barrel/tunnel/well" are clustered on the left side of the graph, indicating a negative spectral tilt, while those for the "tinny" and "sharp" were clustered to the right, indicating a positive spectral tilt. This observation is consistent with idea there are global similarities in weighting function mapping across listeners. However, there does not appear to be any regularity in how the points are distributed Fig. 7 . Individual audiograms and weighting functions. The left column displays the audiogram for each ear tested ("o" for right ear thresholds and "x" for left ear thresholds, the top right corner indicates whether the loss was unilateral or bilateral). The four columns on the right show the average weighting function across three runs for each of the listener/descriptor combinations. Error bars reflect 1SE of the mean. The listener numbers in this figure correspond to the same listener numbers in Table 1. across the vertical dimension (the second principal component), which is consistent with the idea that the specifics of the descriptor-to-weighting function mapping is idiosyncratic.
Influence of the Audiogram
Finally, in the dataset described here, it does not appear that individual differences in weighting function shape were strongly related to the shape of the audiogram itself. Although the range of hearing loss in our sample was relatively small (only two listeners were in the "severe" range), we began to evaluate whether there was an influence of the listener's hearing loss on the shape of the weighting function beyond what was initially accounted for by the prescriptive fit. We correlated the pure-tone threshold at each measured frequency with the absolute value of the average weight at that frequency for each listener/descriptor combination. There was a slight, but significant, correlation between threshold and weight (r ϭ Ϫ0.17; p ϭ 0.01). This correlation indicates that there was a slight tendency to give a lower weight to frequencies where hearing threshold was poorer. However, this correlation might simply reflect that the absolute value of the weight assigned to low-frequency bands tends to be higher than that assigned to high-frequency bands, regardless of hearing loss. In the current group of individuals with hearing loss, the absolute value of the weights for bands below 1 kHz was 32% higher than those above. Individuals with normal hearing showed a similar trend over the same frequency range, weighting low-frequency bands 26% higher than high-frequency bands (from Sabin & Pardo 2009b) . Further, we examined whether any summary statistics of the weighting function were correlated to audiogram summary statistics. Specifically, there was no significant correlation between the weighting function and the audiogram in terms of the absolute value of the overall slope (r ϭ Ϫ0.06, p ϭ 0.73), the maximum slopes between frequency bands (r ϭ Ϫ0.13, p ϭ 0.41), or spectral centroids (r ϭ Ϫ0.09, p ϭ 0.59). Taken together, in the current sample, after applying a prescriptive fit based on the audiogram, there appears to be little, if any, additional influence of the audiogram in the descriptorto-weighting function mapping. However, it is possible that if a wider range of hearing losses were tested, a relationship between weighting function and the degree and configuration of loss might emerge.
DISCUSSION
In this study, we have presented and evaluated a method for mapping descriptors to FGC shape by correlating descriptor ratings to gain on a frequency-band by frequency-band basis. This method is reliable, predictive of listener responses, and rapidly reaches asymptotic performance. Further, when this method was used to examine the FGC shape associated with four common descriptors, there was some global agreement between individuals in terms of FGC shape, but there was also considerable individual variability in the specifics of that mapping.
While the shape of the computed weighting function was remarkably consistent across runs, the listener responses were considerably variable. When comparing listeners' ratings of repeated presentations of the same FGC, the correlation values were fairly low (median r ϭ 0.31, see Fig. 4, left) . In comparison with the listeners tested here, younger individuals with normal hearing gave responses that were nearly twice as consistent (median r ϭ 0.69; Sabin & Pardo 2009b) on a similar task. Procedural and/or cognitive differences could potentially account for these differences in consistency across Fig. 8 . Principal components analysis. A, B, The first two components of a principal components analysis were computed on the entire set of 120 weighting functions. C, For each weighting function, the scores associated with these two components are displayed by the horizontal and vertical positions of the markers. The type of marker indicates the descriptor associated with that weighting function, and the size of the marker reflects the predictiveness of that weighting function. D, The weighting function shape changes according to location within this principal components space. the two groups. On the procedural level, the normal-hearing listeners rated only one descriptor in each run while the listeners in the current study rated four descriptors per run. It is possible that rating one descriptor per run yields more consistent responses. It is also possible that given the much smaller age range in the earlier study, these younger listeners may have simply been more comfortable using a computer. On the cognitive level, it is possible that in individuals with hearing loss, the internal representation of the sound samples is degraded, placing a greater strain on cognitive processes such as working memory during the rating task (Pichora-Fuller & Singh 2006) . Indeed, it appears that the ability to make reliable comparisons between hearing aid parameter settings is related to the working memory capacity of the patient (Lunner 2003) . Perhaps, a procedure that allows the patient to make side-byside comparisons between FGCs (rather than the serial rating procedure used here) would place less of a strain on working memory and ultimately lead to more consistent responses. Despite the variability in listener ratings, the shape of the weighting function was remarkably consistent across runs (Fig.  3) . The consistency in weighting function shape might reflect that the number of trials needed to create a meaningful weighting function is quite small when responses are consistent (5 to 10 ratings; see Fig. 5 ), but when responses are more variable, additional trials are needed to average out the noise and create a meaningful weighting function, and the number of trials used here seems to accomplish this. This robustness to listener variability might make this procedure particularly valuable in the clinic.
This weighting function-based method begins to address some of the issues associated with the nondescriptor-based fine-tuning procedures described in the Introduction section. First, most of the previous methods split the FGC into only two or three frequency channels and search for the best gain values for those channels (Neuman et al. 1987; Kuk & Pape 1992; Stelmachowicz et al. 1994; Moore et al. 2005 ). In the current weighting function procedure, weights are given to each of 25 frequency bands, thereby exploring a much wider range of possible FGC shapes. However, note that using the current probe FGC creation method, the gain values associated with a given frequency band are correlated to that of the neighboring bands. In fact, these gain values are positively correlated to the nearest five frequency bands. The net effect of this correlation is similar to what would occur if the weighting function was smoothed by a Gaussian-shaped window, thereby limiting the potential FGC shapes to those that change gradually across frequency. In future work, the bandwidth of the Gaussian functions that comprise the probe FGCs could be optimized. Second, several of the previous methods are adaptive, gradually approaching the desired FGC, and in such methods, the final FGC is highly dependent on the initial FGC ). Since the current method was not adaptive, it was not subject to this problem. However, there did appear to be some, albeit small, influence of which probe FGCs were included during the rating stage (compare middle to right box in Fig. 3 ). This indicates that this method is also at least partially dependent on the subset of FGCs that the listener rates.
Although the focus of the article was the evaluation of the weighting function procedure, the results also begin to provide some insight into how individuals map common descriptors to FGC shapes. While there was some general agreement in descriptor-to-FGC mapping, there were also considerable individual differences. This observation suggests that while the current descriptor-based methods are on the right track, they could be improved. In current practice, hearing aid fitting experts tend to respond to the tested descriptors in a fairly uniform fashion (Jenstad 2003) . The descriptors "hollow" and "in a barrel, tunnel, or well" are interpreted to mean that there is too much low-frequency gain, while the descriptors "tinny" and "sharp" are interpreted to indicate too much high-frequency gain. The weighting functions measured here are in qualitative agreement with this approach. However, there was a considerable amount of individual variability in the specific characteristics of how the descriptors mapped to FGC shape. The specific frequencies of the weighting function that were boosted or cut, the slope, and whether the function was monotonic differed markedly across individuals rating the same descriptor (Fig. 7 , right four columns). Further, the results here indicate that these individual differences are not obviously related to the shape of the audiogram (at least in the small group of participants in this study) and therefore might only be accessible by using a more subjective procedure such as the one described here.
While the current results indicate that this weighting function approach is promising, several limitations should also be considered. First, the weighting function approach assumes that, for every frequency band, the relationship between the gain value and the descriptor rating can be approximated by a line. While this is a reasonable assumption for the complaintbased descriptors tested here, it is not reasonable for descriptors where the relationship between gain and rating is nonmonotonic. For example, the FGC might sound more "clear" as the high-frequency gain is increased up to a point but less "clear" as that gain is increased further. In fact, it might be the case that this approach is usually effective for complaint-based descriptors (as tested here) and rarely effective for positive descriptors (such as "clear") because positive descriptors might more likely to refer to a specific or a narrow range of gain value(s) rather than a continuum. Second, in this study, we only tested descriptors for a single sound source (an adult female talker). The descriptor mappings are likely to be dependent on the spectrum of the sound source and the listening environment (Keidser 1995; Keidser et al. 2005) . Future work could use this method to systematically examine how the sound source spectrum influences the descriptor-to-FGC mapping.
Several surveys suggest that hearing aid users might welcome an application of the current procedure. Researchers have observed that patients appreciate the increased control over their hearing device (Elberling & Vejby Hansen 1999; Schweitzer et al. 1999; Dreschler et al. 2008) , and a consumer survey conducted by the Better Hearing Institute found that people would be more inclined to purchase a hearing device if they were able to make adjustments themselves (Kochkin 2007) . It is possible that the current method could be applied clinically to give the patient more control of their hearing aid in a way that might be intuitive, with the ultimate goal of improving patient satisfaction.
One potential clinical application would be to compute a weighting function for a patient-generated descriptor during the fine-tuning stage. The clinician could present the patient with probe FGCs, and the patient could rate how well each probe FGC captured the meaning of the descriptor. The weighting function, which could likely be measured in a few minutes, would reflect the relative influence of each frequency band on that descriptor. The weighting function procedure alone is not sufficient to set the FGC. Instead, the clinician would simply know the rate at which ratings of a particular descriptor grow or decrease as a function of within-channel gain (i.e., the slopes that comprise the weighting function). A second step must be included to determine how the weighting function should be scaled and applied to the current FGC. Toward this end, the clinician could present the patient with a new slider that scales the actual gain values of each frequency band in proportion to its weight (Sabin & Pardo 2009b) . This would effectively create a slider that is tuned to their mapping of the descriptor (e.g., a "sharp" slider). The patient could then move that slider to the appropriate position, although it should be noted that the starting position of that slider could influence the final position ). Further, a patient's preferred hearing aid settings can vary with the particular listening environment (Keidser 1995; Gatehouse et al. 2003; Keidser et al. 2005 ). Thus, another potential application would be to have the patient conduct the weighting function measurement procedure outside of the clinic if the weighting function measurement procedure could be incorporated into a trainable hearing aid (Dillon et al. 2006; Zakis et al. 2007 ).
An alternative application of the current results would be to allow the user to modify the sound using the space defined by the principal components (Fig. 8D ). The two principal components displayed in Figures 8A, B can account for Ͼ95% of the variance in the weighting function shapes that we observed. If these weighting functions are representative of the entire population of weighting functions across different patients and descriptors, then this representation might provide the user with a simple way to modify their own FGC. These parameters are similar to those used by Zakis et al. 2007 , where the patient was allowed to adjust the amount of spectral tilt and middle frequency balance directly with independent controllers. However, in comparison with other configurations, these parameters were not preferred by hearing aid users (Dreschler et al. 2008) . One possible alternative based on the current results would be to use a simple interface that instead adjusts the weight given to these acoustic parameters, for example by modifying the FGC within the two-dimensional space of the principle components. An interface could be designed in a way that allows the listener to drag a dot in a box, where the horizontal position of the dot would alter the weight of principle component 1 and the vertical position would alter the weight of principle component 2 (Sabin & Pardo 2009a) . As the dot is dragged to the right, the sound would likely become more tinny/sharp, and as the dot is dragged to the left, the sound would become more hollow and sound more like it was in a barrel, tunnel, or well. Similar to the effect of starting slider position described earlier, this interface could be influenced by the starting position of the dot. It also has potential to be an interface that patients could use outside of the clinic with advances in trainable hearing aids to adjust the FGC to adapt to the specific listening environment.
In summary, we have described a practical method for determining the relationship between subjective descriptors and FGCs for an individual. Using this method, we have demonstrated individual variations in the specifics of the FGCs associated with common descriptors. These findings suggest that while the common fine-tuning procedures in use today are on the right track, these procedures could be improved by accounting for individual differences in descriptor-to-parameter mapping.
